Abstract Phytoplankton assemblages around the South Shetland Islands (SSI) were closely related to mesoscale physical features, based on high spatial resolution sampling performed during the summer of 2010. Sampling was done in 8 transects with stations 9 km apart. Phytoplankton groups were described using flow cytometry, FlowCAM and HPLC/CHEMTAX pigment analysis. Nanophytoplankton (2-20 lm) was predominant throughout the study area, which was dominated by small diatoms. They were distributed along the stratified waters of the SSI shelf and in the centre of the Bransfield Strait where an anticyclonic eddy was detected, established between two frontal structures [Bransfield Front and Peninsula Front (PF)]. The highest concentrations correlated with mid-to-high temperatures (1.07°C) and mid-salinities (34.03) corresponding with Transitional Bellinghausen Water stations. Haptophytes distribution co-varied with small diatoms but also appeared in those vertical mixed stations with Transitional Zonal Water with Weddell Sea influence. A shift from smaller to larger diatoms was detected at the ice edge in the Antarctic Sound. Cryptophytes were restricted to stratified stations of the SSI shelf and those associated with the PF, while small prasinophytes were the only group occupying deeper and colder waters of the Drake Passage, beneath the Antarctic Surface Water, north of a narrow frontal region described here for the first time (Shetland Front). Phytoplankton assemblages around the SSI were strongly connected with the Bransfield Current System, supporting a clockwise circulation around the archipelago. The Bransfield Current System components are permanent structures during the austral summer suggesting that the distribution of phytoplankton, which responds to these structures, must also be a quasi-permanent feature.
Introduction
The composition of phytoplankton in coastal and frontal regions of Antarctic waters has previously been described as a nanoplankton-sized community (size range 2-20 lm, Equivalent Spherical Diameter (ESD)) (Hewes et al. 1985; Becquevort 1997; Ishikawa et al. 2002) . This size range usually includes diatoms, flagellates and protozoa (Smetacek et al. 1990; Villafañe et al. 1991; Ishikawa et al. 2002) with haptophytes and diatoms being the dominant groups (Marchant and Thomsen 1994; Arrigo and Electronic supplementary material The online version of this article (doi:10.1007/s00300-013-1333-5) contains supplementary material, which is available to authorized users. Alderkamp 2012, inter alia) . Among the smaller nanoplankton, other flagellates, typically prasinophytes and small prymnesiophytes, are predominant (Fiala et al. 1998; Díez et al. 2001) . Episodic blooms of both nano-and microphytoplankton commonly occur along the edge of the receding marginal ice, polynyas and oceanic fronts (Garibotti et al. 2005; Smith et al. 2008; Vernet et al. 2008, inter alia) . Although these studies provide useful quantitative information on the biogeographical distribution patterns of phytoplankton in the Southern Ocean (SO), there are still many gaps (e.g. connection between regional fronts and phytoplankton assemblages) in our knowledge of the relationship between mesoscale hydrographical features and variability of the phytoplankton composition in Antarctic waters.
The phytoplanktonic composition close to the South Shetland Islands (SSI) and near the Antarctic Peninsula (AP) has been studied extensively. Most cruises have focused on the Bransfield Strait (Kang and Lee 1995; Varela et al. 2002) , which presents complex hydrographic characteristics due to the mixing of water masses of the Drake Passage, Weddell Sea and Bellinghausen Sea (Niiler et al. 1991; Holm-Hansen et al. 1997; Holm-Hansen and Hewes 2004) . In this context, Tokarczyk (1987) found that the Bransfield Strait includes waters that gradually change from those which are typical of the Bellingshausen Sea to others more typical of the Weddell Sea in a SW to NE direction. This author identified two main transitional water masses: a relatively warm and fresh water mass dominated by features typical of the Bellingshausen Sea, and a relatively cold and salty water mass dominated by features typical of the Weddell Sea. Following Tokarczyk (1987) , García et al. (1994) renamed these water masses as the Transitional Zone Water with Bellingshausen influence (TBW) and Transitional Zone Water with Weddell Sea influence (TWW). Lower Circumpolar Deep Water (LCDW) from the Bellingshausen Sea also enters the Bransfield Strait from the southwest (García et al. 2002) and gives rise to a narrow tongue of water extending along the southern slope of the SSI (Sangrà et al. 2011) . North of the SSI archipelago, the main water masses comprise the Upper Circumpolar Water (UCDW), LCDW, Winter Water (WW) and Antarctic Surface Water (AASW) (Sievers and Nowlin 1984; Holm-Hansen and Hewes 2004) . The AASW develops a warm upper mixed layer to the north of the SSI in the summer, where phytoplankton growth can become limited by low iron concentration (Holm-Hansen and Hewes 2004; Hewes et al. 2008; Ardelan et al. 2010) . In contrast, the Bransfield Strait and the waters surrounding the SSI shelf have a relatively higher iron concentration due to the proximity of the Weddell Sea (Hewes et al. 2008; Ardelan et al. 2010 ) and the continent itself (De Jong et al. 2012) , sustaining a greater phytoplankton biomass during the austral summer .
The above studies describe phenomena mainly on a regional scale and not in the mesoscale range. As the averaged Rossby Radius of deformation for the region is ca. 10 km (according to Grelowski et al. 1986; Chelton et al. 1998) , in order to resolve at the mesoscale, the horizontal resolution of the sampling must be better than or at least equal to 10 km. Sangrà et al. (2011) sampled the central Bransfield Strait during two previous cruises (CIEMAR-December 1999 and BREDDIES-January 2003) and adopted an average resolution of ca. 9 km for the study of physical properties; this enabled these authors to describe a rich mesoscale variability including fronts, eddies and a narrow subsurface tongue of LCDW that are closely interrelated and constitute the Bransfield Current System. A biological sampling was also conducted but with less resolution (ca. 18 km); however, some relationships could be observed between phytoplankton, meroplankton and zooplankton (Lubián et al. 2006; Vázquez et al. 2007; Hernández-León et al. 2008 in relation to the presence of frontal regions, eddies and water masses. In January 2010, a third cruise, designated the COUPLING cruise, was conducted in this area, and the northern region of the SSI was also surveyed (Fig. 1) . Stations (for both physical and biological data) were located ca. 5 nm (9 km) apart. This resolution for a physical-biological coupled sampling has not been reported previously in this region and has allowed us to test the distribution of the different phytoplankton groups in relation to the mesoscale physical features. (200, 500, 1,000, 2,000, 3,000, 4,000 and 5,000 m) As the aim of the study was to obtain results at the mesoscale range, we chose automatic analysis devices and methods that allow for rapid analysis of very large amounts of samples that are especially advantageous for describing phytoplankton populations, compared with detailed analyses by microscopy. The use of high-performance liquid chromatography (HPLC) and the chemical taxonomy software CHEMTAX (v 1.95) , to estimate the quantitative contribution of different phytoplankton groups to total Chl a, has attracted much attention, especially in the SO (Wright et al. 2009 (Wright et al. , 2010 Kozlowski et al. 2011; Mendes et al. 2012a, inter alia) . Ideally, however, the distribution of phytoplankton groups inferred from marker pigments should be carefully contrasted with other techniques because some carotenoids and chlorophylls are shared among different algal classes (Jeffrey et al. 1999) . Flow cytometry (FCM) has the advantage of allowing to count tens to hundreds cells per second as well as distinguishing between non-living particles (Green et al. 2003 ); in contrast, FCM does not resolve scarcer and larger phytoplankton, especially microplankton ([20 lm ESD) (Sosik et al. 2010) . The technique used to cover the microplankton size range was the Flow Cytometer and Microscope (FlowCAM Ò ), which combines the capabilities of FCM, microscopy and image analysis (Sieracki et al. 1998) .
This paper seeks to test the correspondences between the location of phytoplankton assemblages, water masses and mesoscale physical features existing around the SSI newly described for the region at this scale. Special attention was paid to the modulation of the Mixed Layer Depth (MLD) and hence the influence of the mixing processes in the distribution of the phytoplankton assemblages. In order to obtain a complete description of the phytoplankton groups' distribution and composition, a detailed analysis was made overlapping different techniques. The hydrographic and phytoplankton data sets, in combination with the previous knowledge of the main currents distribution, have enabled us to test the physical forcing of this region.
Materials and methods

Study area and sample collection
The interdisciplinary COUPLING survey was carried out in January (8th-27th) 2010 in the waters around the SSI (Fig. 1) . Hydrographical properties were acquired using a combined Seabird 911plus Conductivity-TemperatureDepth (CTD) sensor with a Seapoint fluorescence sensor, to detect the Deep Fluorescence Maximum (DFM). Water samples were obtained using a rosette system of 24 12-L Niskin bottle at fixed depths, and an additional sample was taken in the DFM when its position did not coincide with any of the default depths. The Mixed Layer Depth (MLD) was inferred from temperature and salinity profiles using the algorithm of Kara et al. (2000) . Photosynthetically active radiation (PAR, 400-700 nm) was measured with a Satlantic OCP-100FF radiometer attached to the rosette. The euphotic layer depth (Zeu) was defined as the depth of 1 % intensity of surface PAR at each station.
Some figures presented in the manuscript are based on the observations made in the central transect (T.1), albeit the data sets used included the whole sampled stations (Fig. 1) . This transect was chosen because, as it is detailed in the results section, it crosses a region of very rich mesoscale variability that consequently was expected to reflect the diverse physical environments for the phytoplankton community.
Flow cytometry analysis
A volume of 20 mL was analysed for FCM observation of cell populations. Fresh samples from 6 depths (5, 10, 25, 50, 75, and 100 m, including the DFM) were collected and fixed with a mixture of 1 % glutaraldehyde and 0.05 % paraformaldehyde. Samples were analysed on board with a FACScalibur flow cytometer (Becton-Dickinson). Measurements of the different photodetectors were made with a logarithmic amplification for each signal, and the trigger was set on red fluorescence. Phytoplankton counts were obtained at a high flow rate (1.05 lL s -1 ) during 10 min. Flow rate was calibrated at the beginning and at the end of the sampling period (Rodriguez et al. 2002) . Data were acquired with the CellQuest software as List Mode Standard files and later analysed with CellQuest (BectonDickinson) and WinMDI 2.9 (Joseph Trotter 1993 . Four size groups of eukaryotic cells were discriminated on the bivariate plots of side light scatter (SSC) versus red fluorescence (FL3). SSC was used to estimate cell size through an empirical relationship between mean SSC and cell volume for a number of marine phytoplankton cultures (Nannochloropsis gaditana, Isochrysis galbana, Rhodomonas salina, Tetraselmis chuii, Chaetoceros sp., Gyrodinium dorsum and Prorocentrum micans (culture collection from the Institute of Sea Sciences of Andalucía (ICMAN-CSIC)), similar to the approach used by Sosik and Olson (2002) .
Log volumeðlm
3 Þ ¼ 055 þ 1:11 Â Log SSCðR 2 ¼ 0:95Þ Live cultures were analysed by FCM as described above before the cruise, and at the same time, cell volumes were determined using light microscopy and FlowCAM. The smallest size group found was slightly bigger than 2 lm (2.8 ± 0.2 lm ESD); this cannot be considered strictly as picoplankton (\2 lm) so it has been labelled as 'Nano small'. The other two groups were also nanoplankton:
'Nano medium' (5.2 ± 0.4 lm ESD) and 'Nano large' (8.7 ± 0.6 lm ESD). A fourth characteristic population within the nanoplankton size category is that of 'Cryptophytes' (11.3 ± 1.4 lm ESD), easily separated from the other groups by the orange fluorescence of phycoerythrin (FL2). A fifth group of cells was identified in some samples although its wide size range, low signal of the chlorophyll fluorescence channel and the distribution pattern led us to presume that it was a mix of senescent cells or debris embedded in large organic aggregates, as Waite et al. (2000) described for high-nutrient, low-chlorophyll waters.
No signals of the presence of photosynthetic prokaryotic picoplankton groups were detected during the whole cruise even though in some stations we changed the general settings to facilitate their detection. The carbon biomass of each group has been calculated using the Menden-Deuer and Lessard (2000) equation for protist plankton under 3,000 lm 3 of volume.
FlowCAM analysis
Microphytoplankton was counted using a FlowCAM Ò system (Fluid Imaging Technologies). Sampling was performed at two depths: surface and DFM. Volumes of 5 L were filtered through 10-lm mesh and the retained material was brought to a final volume of 100 mL with filtered seawater and preserved with buffered formaldehyde (4 % final concentration). Samples were stored in amber glass flasks for later image analysis. The FlowCAM is a continuous imaging flow cytometer designed to characterise particles in the microplankton size range (20-200 lm) (Sieracki et al. 1998 ). We selected auto-trigger mode, which takes images of any object meeting specific size criteria at a fixed number of frames per second. In accordance with Á lvarez et al. (2011), we pre-planned the processing of samples to obtain realistic results for the biggest cells. Microplankton samples were pumped first through a chamber of 3.0 mm 9 0.3 mm cross-section, using a 49 objective for 50 min, to analyse the size fraction of 64-200 lm. Then, samples were filtered through 100-lm mesh, to avoid cell clumping or obstruction of the flow chamber, and pumped using a chamber of 2.0 mm 9 0.1 mm and a 109 objective for 40 min, to analyse the size fraction of 16-100 lm. Pump speed was 0.7 mL min -1 . Invalid recordings (i.e. bubbles, repeated images) and non-phytoplankton particles (i.e. debris, zooplankton) were removed from the image database through visual recognition. Biovolume was calculated using the Area Based Diameter (ABD) with a previous volume correction for fixed samples (Menden-Deuer et al. 2001) . Biovolume was converted to carbon biomass using the different conversions equations given by Menden-Deuer and Lessard (2000) .
Pigment analysis
Seawater samples (2-5 L) were collected from the surface and DFM. They were filtered onto 47-mm Whatman GF/F (0.7 lm nominal pore size) and kept frozen (-80°C) until pigment analysis using a high-performance liquid chromatography (HPLC) system. Frozen filters were extracted in 5 mL of 95 % methanol and further sonicated during 5 min at low temperature (5°C). Extracts were then filtered through 25 mm 0.22 lm filters to remove cell and filter debris (Zapata et al. 2000) before injection. An aliquot (1 mL) of methanol extract was mixed with 0.4 mL of MilliQ water to avoid peak distortion (Zapata and Garrido 1991) . Each sample (200 lL) was injected just after the water addition to avoid pigment degradation (Zapata et al. 2000) into a Waters Alliance HPLC System consisting of a 2,690 separation module with a Waters 996 photodiode array detector, interfaced. The stationary phase was a C8 column (Teknocroma 150 9 4 mm, 3.5 lm particle size, 100 Å pore size). Mobile phases were as follows: A: methanol/acetonitrile/aqueous pyridine solution (0.25 M pyridine, pH adjusted to 5.0 with acetic acid) (50:25:25 v/v/v); and B: acetonitrile/acetone (80:20 v/v). A linear gradient from 0 to 40 % B was pumped for 18 min, followed by an increase to 100 % at min 22, and isocratic hold at 100 % B for a further 16 min. Initial conditions were re-established by reversed linear gradient. Flow rate was 1 mL min -1 . Pigment separation was performed according to Zapata et al. (2000) . Chlorophylls and carotenoids were detected by diode-array spectroscopy (350-700 nm). Pigment peaks were identified by comparison of retention times with those of pure standards and a spectral library previously created with known microalgae cultures: Rhodomonas salina, Tetraselmis chuii, Skeletonema costatum, Dunaliella tertiolecta, Pavlova salina, Pavlova pinguis (ICMAN-CSIC, standard culture collection). Pigments were quantified using extinction coefficients compiled by Claustre and Ras (2009) . All pigments detected in this study are listed in Table S1 (see Electronic Supplementary Material).
Total Chlorophyll-a concentration was also determined fluorometrically. 250-mL water samples were filtered through 0.2 polycarbonate membranes, and pigments were extracted in 90 % acetone at -20°C overnight. Fluorescence was measured on a Turner TD-700 fluorometer, which had been calibrated with pure Chl a following UNESCO (1994) standard protocol.
CHEMTAX analysis
The CHEMTAX software (v 1.95) was used to calculate the contribution of different algal groups to total Chlorophyll a (Chl a) measured by HPLC using concentrations of accessory pigments. This software uses factor analysis and a steepest descent algorithm to determine the best fit to the data with a given input matrix of pigment ratios, an initial matrix containing marker pigment to Chl a ratios for the algal groups of interest and a ratio limit matrix defining limits on the theoretical marker pigment to Chl a ratios. The basis of calculations and procedures used are fully described in Mackey et al. (1996) . Configuration parameters required by CHEMTAX were set following Kozlowski et al. (2011) . A major difficulty in terms of the program output accuracy and in terms of the problem to be solved is the choice of the initial or seed ratios (Latasa 2007) . Pigment composition and pigment ratios are influenced by environmental factors (Stefels and Van Leeuwe 1998 , inter alia) and can be highly variable between members of a taxonomic class (Zapata et al. 2004 ); therefore to circumvent these possibilities, multiple starting points were used based on the optimisation protocol of Wright et al. (2009) . Further, as light intensity has a significant effect on pigment/Chl a ratios in some phytoplankton groups (Schlüter et al. 2000) , no light protective pigments, like diatoxanthin and diadinoxanthin, were included in the initial ratios (Schlüter et al. 2006) . The data for each station was analysed both as a whole and broken down into 2 bins (5 m and DFM). There were no significant differences between the two analyses, confirming that the use of the same initial ratio matrix was appropriate for both depths (T test for dependent samples, p [ 0.05). The solution with the smallest residual was used for the estimated taxonomic abundance. The initial and final ratios are given in Table 1 . Pigment ratios follow the same trend with non-significant differences.
Only two of the pigments used, alloxanthin (Allox) and peridinin (Peri), were unambiguous markers for cryptophytes and type 1 dinoflagellates (sensu Wright and Jeffrey 2006) , respectively. Following the indications of Wright et al. (2010) , we have included in the CHEMTAX analysis only peridinin-containing dinoflagellates. Chlorophyll b (Chl b) is present in both prasinophytes and chlorophytes. Due to the low presence of chlorophytes reported for the study area (Rodriguez et al. 2002) and the low concentrations of lutein (Lut) detected (data not shown), prasinophytes were chosen as the Chl b-containing group. Chlorophyll c 3 (Chl c 3 ) has been used to identify haptophytes but it also occurs in diatoms, albeit only in relatively few taxa (Pseudo-nitzschia sp. and Rhizosolenia sp.) (Stauber and Jeffrey 1988; Wright et al. 2009 Wright et al. , 2010 with little significance in the area, as demonstrated by previous cruises Lubián et al. 2006) . Categorisation of taxa containing fucoxanthin (Fuco), 19 0 hexanoyloxyfucoxanthin (Hex) and 19 0 butanoyloxyfucoxanthin (But) was somewhat problematic due to the multiple possibilities Zapata et al. 2004; Wright and Jeffrey 2006) . After several trials using different models, a comprehensive analysis was undertaken including two types of haptophytes, based on their response to iron content (Di Tullio et al. 2007; Wright et al. 2010) , as well as a category of mixed flagellates (Rodriguez et al. 2002; Kozlowski et al. 2011) , which includes type 2 dinoflagellates (Wright and Jeffrey 2006) . However, it became clear that all categories were tracking pigment variants of haptophytes type 8 (Zapata et al. 2004; Alderkamp et al. 2010) ; therefore, we decided to use only one haptophytes type (Table 1) . Other authors include Parmales and pelagophytes in the haptophytes 8 group Wright et al. 2009 ) to avoid overestimations of Phaeocystis, but previous studies in the area did not report chrysophytes as relevant (Rodriguez et al. 2002) .
Statistical analyses
Group-average linkage cluster analysis and a multidimensional scaling (MDS) ordination were applied on the basis of the abundance of phytoplankton groups detected with FCM, CHEMTAX and FlowCAM at each station in both surface and DFM layers. Similarity matrices were calculated using the Bray-Curtis coefficient after a logtransformation [log (x ? 1)] of data using PRIMER v6.1 software. Pearson rank correlation vectors of the major phytoplankton groups that build up the MDS were overlapped.
Results
Physical environment
In the central Bransfield Strait, the well-stratified, relatively warm ([-0.3°C) and fresher (34.0-34.35) TBW and the homogeneous, relatively cold (-0.3 to -1.2°C) and saltier (34.35-34.57) TWW were detected (Fig. 2) . The TBW was located in the northern part of the Strait overlaying the TWW, which occupied the main body of the Strait and reached the surface in the southern part. The density gradient between the two water masses gives rise to a baroclinic jet named the Bransfield Current. Along the southern slope of the SSI archipelago, the density field is adjusted and a frontal region, the Bransfield Front (BF), is generated. The signal of this front can be recognised in Fig. 2 through the strong subsurface inclination of the isopycnals between stations (St.) 1 and 3. A clearly recognisable anticyclonic eddy was detected through the deepening of the isopycnals between St. 3 and 7 (Fig. 2) . This eddy contains TBW and extends from the surface to 300 m. Previous results (Sangrà et al. 2011) indicate that the Bransfield Current is a gravity current; added to the fact that the eddy contains TBW suggests that this eddy has detached from the Bransfield Current. Between St. 8 and 11 (Fig. 2) , TBW and TWW were well-separated along a shallow hydrographic front (from surface to 100 m) (Peninsula Front, PF, sensu Sangrà et al. (2011) ). Transect B (T.B in Fig. 1 ) shows hydrographic characteristics similar to this southern leg of T.1 (essentially TBW and TWW). The water masses found at the northernmost stations (northern half of T.1, T.2, T.3, T.4, T.5 and T.6) ( Fig. 1 ) have typical characteristics for the Drake Passage south of the Polar Front (Fig. 2) . Vertical profiles were divided into (Fig. 2) . Distribution of water masses along the sampled transects showed that the Bransfield Current recirculated counter-clockwise around the SSI crossing T.B (Fig. 1) , transporting TBW southwestward along the northern slope of the SSI. This intrusion of TBW formed a narrow frontal region whose signal was clearly visible through the subsurface sharp inclination and packing of the isopycnals at St. 29 (Fig. 2) . We named this front the Shetland Front (SF). This rich mesoscale variability will lead to rather different physical environments within a relatively small marine space. North of the SF, the MLD was deeper than south of the front (Figs. 2, 3) . In this area, the Zeu was always deeper than the MLD (Fig. 2) . Around the SSI shelf, south of the SF, MLD had shallower distributions. At St. 25, the marked inclination of the isopycnals underlaid an upwelling and the MLD reached the bottom. Within the central Bransfield Strait, the adjustment of the BF to the Bransfield Current resulted in a very deep mixed layer at St. 1 (c.a. 100 m). South of this area, the water column returned to stratified conditions coinciding with the BF (St. 2 and 3) and then the MLD reached deeper levels, coinciding with the signature of the anticyclonic eddy (Fig. 2) . South of the eddy, in the lighter/ warmer side of the PF, the water column was re-stratified again between St. 7 and 9, with the MLD being relatively shallow (18-35 m). In the denser/cooler part of the PF influenced by the homogeneous TWW, the mixed layer deepened notably (115 m), to reach the bottom at St. 12. were found north of the SF, increasing along the SSI shelf, T.B and Bransfield Strait (1-1.4 lg L -1 ) (Fig. 3a) and reaching the highest concentration in the AS region ([2 lg L -1 ). DFM values showed similar distribution pattern as surface waters, with decreasing concentration values (\0.5 lg L -1 ) north of the SF, towards the Drake Passage (Fig. 3b) . The modulation of the DFM across T.1 is shown in Fig. 4 . In general, taking into consideration all the sampled transects, those stations situated in the SSI shelf had shallow DFMs (above 25 m), while deep DFMs (below 50 m) occurred in pelagic waters north of the SF.
Nanophytoplankton
This size range was predominant throughout the entire study area. Total nanophytoplankton biomass increased moving from the Drake Passage to the Bransfield Strait, accounting for up to 92.7 % of total surface autotrophic biomass in the SSI northern shelf and between the BF and the PF (Table 2) . South of the PF and in the AS, its relative contribution diminished (to 56 %) as microplankton biomass increased.
The distribution patterns of the four 'nano' groups identified by FCM were well-defined with various patches around the archipelago (Fig. 4) . The 'Nano small' population was situated in the Drake Passage with no presence in the shelf around the islands nor in the Bransfield Strait, with an average biomass contribution of 7.3 %. It had a clearly subsurface distribution to the north of the SF. This group conformed deep DFMs with abundance and biomass values up to 4,600 Cells mL -1 and 10.8 mg C m -3 , respectively (Fig. 4a) . A slight increase appeared south of the PF at stations influenced by TWW. 'Cryptophytes' appeared as a small bloom in the stations associated with the PF, reaching abundances of 500 Cells mL -1 and biomasses of 30.7-38.2 mg C m -3 . The vertical profile revealed a subductive structure at this point (Fig. 4c) . 'Cryptophytes' were also detected around the SSI shelf although abundances did not exceed 150 Cells mL -1 . The groups with the highest contributions to total nanoplankton biomass, 'Nano medium' (on average, 79.6 %) and 'Nano large' (on average, 10.7 %), had overlapping distributions along the SSI shelf and in the middle of the Bransfield Strait and T.B (Figs. 4b, d, 5a, c) . In Fig. 5 , we have also included the distribution of the major groups described by CHEMTAX, presented in a following section, to further discuss the correlation between techniques. 'Nano medium' reached the highest abundance and biomass values associated with both edges of the anticyclonic eddy, the denser/cooler side of the BF (10,820 Cells mL -1 and 115.2 mg C m -3 , respectively) and the lighter/warmer side of the PF (92,292 Cells mL -1 and 92.3 mg C m -3 , respectively) (Fig. 4b) . In general, a positive correlation (r = 0.36 N = 41), although not significant (p = 0.10), was detected between integrated (from surface to 100 m depth) 'Nano medium' abundance and the MLD. The highest abundance and biomass values for the 'Nano large' group were detected in the northern SSI shelf ) and nanophytoplankton contribution to total phytoplankton biomass (%) along the study area AS Antarctic Sound, BF Bransfield Front, PF Peninsula Front, SF Shetland Front, SSI South Shetland Islands at surface (Fig. 5c ) and at shallow DFMs (10-20 m) (500-700 Cells mL -1 and 17.4-34.2 mg C m -3 , respectively). This group prevailed south of the PF with a wellmixed vertical structure (more than 200 Cells mL -1 in the whole profile) (Fig. 4d) . At St. 10-12, we observed the presence of abundant nanophytoplankton well below the Zeu (Figs. 2, 4) , suggesting subduction and/or strong mixing.
Microphytoplankton
This size fraction was studied in two horizontal layers (surface and DFM). Although the total abundance was very low (maximum values of 10 Cells mL -1 ), differences in distribution patterns were detected. In surface waters, the highest abundances were found at the stations situated in the PF (7-10 Cells mL -1 ), those close to the northern coastline of KGI and along T.B (6-9 Cells mL -1 ) (Fig. 6a) . A north-south gradient of microplanktonic biomass in surface waters was detected along T.1 (from 0.5 to 14 mg C m -3 ), due not only to the increase in abundance but also to a slight increase in the average cell size (22-26 lm ESD). In the Bransfield Strait and especially in the AS, centric diatoms like chain-forming Thalassiosira sp., constituted the main taxon in the microplankton size range. Large Rhizosolenia sp. and Corethron sp. were observed at the DFM of the outer northern stations of T.5 and T.6, where no high abundances (Fig. 6b) were detected but biomass concentrations reached maximum values (20-25 mg C m -3 ). The highest abundance in the DFM occurred in the AS and the northern SSI shelf close to KGI (6-8 Cells mL -1 ) (Fig. 6b) where biomass did not exceed 15 mg C m -3 .
Phytoplankton composition based on CHEMTAX results
CHEMTAX results revealed that diatoms (on average, 80.8 % of Chl a), followed by haptophytes 8 (14.4 % of Chl a) dominated surface waters with almost the same distribution except for the AS region (Fig. 5b, d ). Both groups had a low presence north of the SF (Figs. 5b, d, 7 ). They were spread around the SSI shelf and along the Bransfield Strait and T.B (Fig. 5b, d ). Diatoms had an important presence associated with the anticyclonic eddy in the middle of the Bransfield Strait reaching relative abundances up to 0.53 lg L -1 Chl a in the PF (Figs. 5b, 7) . Biol (2013 Biol ( ) 36:1107 Biol ( -1123 Another diatoms maxima was detected in the AS region, 0.46 lg L -1 Chl a, where they contributed 97 % of Chl a (Fig. 5b) . Haptophytes 8 reached the highest relative abundances along the SSI (0.23 lg L -1 Chl a) (Fig. 5d ), although their highest relative contribution to Chl a (54.8 % of Chl a) was reached south of the PF and in the middle of T.B (42.8 % of Chl a). In DFM waters, diatoms were still predominant (76.7 % of Chl a), followed by haptophytes 8 (14.6 % of Chl a) with nearly the same distribution as in surface waters (Fig. 7) .
Minor groups detected with CHEMTAX were dinoflagellates, prasinophytes and cryptophytes (on average, 2.1 %, 1.9 % and 0.8 % of Chl a, respectively). In surface waters, dinoflagellates were spread around the SSI archipelago (maximum values of 0.03 lg L -1 Chl a) (Fig. 7) . Prasinophytes appeared south of the PF where they reached a maximum value (0.05 lg L -1 Chl a) and at the northern stations of T.5 and T.6. Cryptophytes appeared mainly on the PF and the SSI shelf: 0.02 and 0.01 lg L -1 Chl a, respectively (Fig. 7) . In DFM waters, dinoflagellates showed a lower contribution in the northern SSI shelf but a higher contribution between the archipelago and the BF (nearly 20 % of Chl a) (Fig. 7) . The predominance of prasinophytes was noteworthy north of the SF, where they reached values close to 80 % of Chl a (Fig. 7) . High relative abundances were also recorded south of the PF (maximum concentrations: 0.07 lg L -1 Chl a). Cryptophytes made a smaller contribution to Chl a in DFM waters compared to that in surface waters.
Pearson's correlations were performed between the phytoplankton pigment groups detected by CHEMTAX and the nanophytoplankton groups detected by FCM (N = 80) (AS data and the outer northern stations of T.5 and T.6 were excluded from the analysis because the relative contribution of nanoplankton decreased in this area (Table 2 ) and microplankton biomass peaks were detected). The strongest significant positive relationships (p \ 0.05) were found between diatoms and 'Nano medium' (r = 0.73), haptophytes 8 and 'Nano large' (r = 0.57) and prasinophytes and 'Nano small' (r = 0.45). As expected, cryptophytes detected using both methods showed a significant positively correlation (r = 0.45). Dinoflagellates were also positively correlated with 'Nano large' (r = 0.47). Among the FCM groups, 'Nano medium' and 'Nano large' showed an overlapping distribution with high positive correlations (r = 0.68), and this is the reason why diatoms and 'Nano large' also shared a strong correlation (r = 0.70). Figure 5 shows a spatial overview of the surface distribution of the major groups detected with FCM and CHEMTAX to highlight the high correlations detected between techniques and groups. Although more stations were sampled for FCM analyses, it is noteworthy that the distribution of the 'Nano medium' group was almost identical to diatoms group except for the AS.
Physical: biological coupling
As the highest contribution to nanophytoplankton was due to the 'Nano medium' group (on average, 79.6 %), we explored the relationship between its abundance (logtransformed) and the physical gradients using 2nd polynomial regressions. We have detected bell-shaped patterns both for temperature and salinity gradients across the study area (Fig. 8) . Abundances increased as temperatures increased until 1.07°C (maximum value of the polynomial function). In the case of salinity, the highest abundances were reached at mid-salinities (34.03) corresponding with TBW characteristics, decreasing sharply for values higher than 34.3.
To detect patterns in the phytoplankton assemblages' distribution, clusters (see M&M) from 80 % of similarity were isolated. The multidimensional scaling (MDS) ordination plot reinforced the cluster dendrogram, partitioning the stations into three similar groupings (Fig. 9) . The 0.07 stress value indicated that the ordination provided a good representation of the phytoplankton assemblages. Stations situated north of the SF (Drake Passage) (cluster I), defined by a high abundance of 'Nano small'/prasinophytes, were grouped together also distinguishing between samples taken at surface (AASW) and DFM (WW). The second cluster (II) was mainly formed by stations located south of the PF, with TWW influence including the AS region, characterised by a high abundance of cryptophytes (not in the AS) and microplankton. Stations spread along the SSI shelf and T.B (cluster III) were grouped together as well as those stations related with the anticyclonic eddy, situated in the middle of the Bransfield Strait influenced by TBW. This cluster is characterised by a high abundance of 'Nano medium'/diatoms and 'Nano large'/haptophytes 8. 
Discussion
The distribution of phytoplankton, nano-and microplankton around the Shetland Islands (SSI) is closely associated with the newly established mesoscale physical variability (Sangrà et al. 2011) . The water circulation is complex as it is affected by bathymetry and the presence of the archipelago itself (Zhou et al. 2006) . Currents may enhance plankton dispersal generally (McManus and Woodson 2012) but they also create physical barriers (fronts), as demonstrated in this study with the Bransfield Current System (Fig. 1) . Most of the studies performed around the SSI archipelago have described physical-biological coupling mainly on a regional scale and not in the mesoscale range (e.g. Hewes et al. 2009; Mendes et al. 2012a, b) , although recent efforts have been done north of Elephant Island (Selph et al. 2013) . Therefore, the connection between physical features and phytoplankton composition and distribution was not fully resolved. In this study, we have shown that the phytoplankton groups detected around the SSI are coupled with the water masses and mesoscale physical features, showing a composition shift across the environmental gradient. Our results exemplify the degree of environmental complexity in phytoplankton distribution at the km scale, a fact often missed by large-scale oceanographic studies. The degree of coupling between phytoplankton and physics is clearly demonstrated by comparison of the ordination within the phytoplankton groups that indicated locational differences and patterns in stations groupings related with different hydrographic areas (Fig. 9) . The richness of our results is in part due to the diversity of methods employed to characterise the phytoplankton community in its totality.
Importance of cell size distribution in the SSI region
It is accepted that most primary production and biomass in the SO are explained mainly by the smaller fractions (\20 lm ESD) of phytoplankton (Hewes et al. 1985; Becquevort 1997; Ishikawa et al. 2002) . In accordance with this view, biomass increase over this stable background level would be due to blooms of larger phytoplankton, whose occurrence is regionally and seasonally restricted (Hewes et al. 1985; Smetacek et al. 1990 Smetacek et al. , 2004 . The SSI area has a large bloom region that recurs annually to the east of KGI (Holm-Hansen et al. 1997; Holm-Hansen and Hewes 2004) . We detected high nanoplankton and microplankton abundances (Figs. 5a, 6 ) along this area (T.B in Fig. 1 ) as well as Chl a maximum concentrations (1.4 lg L -1 ) close to those previously described ). According to our results, nanophytoplankton was predominant throughout the studied region reaching the highest biomass values in the middle of the Bransfield Strait (Table 2) where recurrent high Chl a values have been reported too Hewes et al. 2009; Mendes et al. 2012a) . It has been hypothesised that the predominance of plankton in the nano size range in waters around the SSI is due to both bottom-up (iron, light, salinity and temperature gradient) Montes-Hugo et al. 2009 ) and top-down (differential selective grazing by protists and contrasting zooplankton assemblages) controls (Hewes 2009 ). North of the archipelago, towards the Drake Passage, phytoplankton data are very scarce, although Chl a records reveal low surface phytoplankton biomass in this area Mendes et al. 2012a ) and deep DFMs (Holm-Hansen and Hewes, 2004), as we have detected (Fig. 3) . This vertical Fig. 9 MDS-cluster ordination analysis of the stations (both surface and DFM depth) on the basis of abundances of phytoplankton groups detected in the study area (see M&M for more details). Pearson rank correlation vectors of the main phytoplankton groups detected with FCM ('NanoS', 'NanoM', 'NanoL' and 'Crypto FC') and CHEMTAX ('Prasino', 'Diatoms', 'Hapto 8' and 'Crypto') as well as microplankton ('Micro') detected with FlowCAM were overlapped to the plot. AASW Antarctic Surface Water, AS Antarctic Sound, TBW Transitional Bellingshausen Water, TWW Transitional Weddell Water, WW Winter water differentiation has been related with a possible iron limitation in these pelagic waters of the Drake Passage (HolmHansen et al. 2005) . As the sea ice retreated southwards previous to our sampling period, we expect to observe a spatial succession of the phytoplankton assemblages along the axis of retreat, as observed further south in the western Antarctic Peninsula (wAP) (Garibotti et al. 2003) . During our survey, the Drake Passage and the waters surrounding the SSI were ice-free, but at the AS sea ice was still melting, with a characteristic ice-edge bloom with microplankton as 50 % of the total autotrophic biomass.
Our results highlight that for an accurate estimation of cell size distribution needed in ecological studies, it is necessary to combine different analytical methods. We combined FCM and FlowCAM to cover the whole size spectra from pico-to microphytoplankton. FCM provided restricted taxonomic information through fluorescence of chlorophyll and phycoerythrin that differentiates between cryptomonads and other groups. We employed linear regression to tease out the dominant cell size of the main groups identified. The study of pigment composition using CHEMTAX software has improved the knowledge of the phytoplankton relative composition complementing the latter techniques. In our study area, CHEMTAX gave estimation of four main taxa, diatom, haptophytes, prasinophytes and cryptomonads, independent of size. However, the correlation coefficient between the techniques used (CHEMTAX vs. FCM) was not always high (e.g. cryptophytes r = 0.45, p \ 0.05, N = 80), possibly due to the size range of the cells extending beyond our analytical detection. Phytoplankton cells larger than 20 lm ESD were not detected with FCM, while the chemotaxonomic approach provided information about the whole phytoplankton size range. We observed this lack of coupling between techniques south of the PF and in the AS, where maximum values for the diatom-CHEMTAX group (85-97 % of total Chl a) (Fig. 5b) were detected and where low 'Nano medium' abundances were found (Fig. 5a) . FlowCAM results indicated that the well-mixed waters of the AS were dominated by microplanktonic diatoms, with chainforming Thalassiosira sp. being the main taxon.
Based on the correlations performed between techniques (FCM vs. CHEMTAX), we can confirm that the nanoplankton assemblage is, in fact, dominated by small diatoms followed by haptophytes in terms of biomass (r = 0.73 and r = 0.57, respectively; p \ 0.05, N = 80). Fresh samples qualitatively observed on board using light microscopy (data not shown) revealed that these small diatoms were mainly small Thalassiosira sp. and Chaetoceros sp. Diatoms and haptophytes (mainly Phaeocystis) are predominant among the nanoplanktonic phytoplankton communities in Antarctic waters (Marchant and Thomsen 1994; Detmer and Bathmann 1997; Arrigo and Alderkamp 2012 , and references therein).
Coupling of phytoplankton composition and distribution and the mesoscale physical structures Three main phytoplankton assemblages were well differentiated by their spatial distribution across the study area (Fig. 9) . The first assemblage (cluster I) grouped together those stations situated north of the SF in waters of the Drake Passage. It is characterised by the predominance of 'Nano small' (size from 2.3 to 3.3 lm) and the prasinophytes-CHEMTAX group at subsurface waters (Figs. 4a, 7) conforming deep DFMs associated with the cold and salty WW. Within the prasinophyte class, some species of Mantoniella with the same size range as 'Nano small' have been described in Antarctic waters (Marchant et al. 1989; Scott and Marchant 2005) , and recently, Wright et al. (2010) and Kozlowski et al. (2011) detected prasinophytes associated with deep DFMs at offshore stations of the East Antarctica and wAP region, respectively. Although the isopycnals field showed that the SF is a subsuperficial feature (Fig. 2) , Acoustic Doppler Current Profiler measurements (not shown) indicated that its barotropic signal reached the surface. Therefore, the SF seemed to act as a strong physical barrier against the dispersal of this smallsize group from the offshore stations towards the archipelago. Within this first cluster, sites situated in the warm upper layer of the Drake area influenced by AASW also grouped together due to the low phytoplankton concentration (Figs. 3, 4, 5, 6) . No light limitation was detected north of the SF as Zeu was always deeper than MLD (Fig. 2) but this marked horizontal difference between stations north and south of the front could be related with the low dissolved iron concentration reported for the AASW (Klunder et al. 2011 ) limiting phytoplankton in the area (Holm-Hansen and Hewes 2004; Ardelan et al. 2010; Teira et al. 2012) . It is well-known that smaller cells have an ecological advantage in the acquisition of nutrients since their surface to volume ratio is larger (Raven 1986 ). This fact could explain why the small prasinophytes achieve prevalence at the base of the iron-depleted AASW.
The second phytoplankton assemblage (cluster II) was mainly conformed by those stations with a higher contribution of microplankton and cryptophytes, having also prasinophytes and haptophytes 8-CHEMTAX groups an important influence. These stations comprised those associated with the PF and those south of it towards the AP, including the AS region. Several stations of the SSI shelf were also embedded in this cluster. The population of cryptophytes was restricted to few stations, especially those associated with the lighter/warmer side of the PF (between the isohalines of 34.2 and 34.4 and the isotherms of 0-0.5°C) and stratified shelf stations close to the northern face of KGI. Its abundance had decreased compared to values found on a previous cruise in the area ) ([1,000 Cells mL -1 ) although the position of the bulk of cells was nearly the same, north of the PF. Recent results from Mendes et al. (2012b) , obtained 1 month after our cruise, showed that cryptophytes emerged as the dominant phytoplankton group associated with strong stratification in the vicinities of KGI; their abundance was related with glacial melting. The difference in cryptophytes abundance between January and February could be due to a delayed stage of their seasonal cycle during 2010, due to colder summer conditions (Mendes et al. 2012b ). The shallow baroclinic PF also appears to act as a barrier, from which the temperature decreases to values around -1°C near the AP, and the whole water column had TWW characteristics (Fig. 2) . In these stations, the MLD was deepest, suggesting that turbulence/dynamic instability was maximum, too. Unfortunately, we have no direct measurement of turbulence; however, the fairly uniform distribution of certain groups (Fig. 4a, d ) south of the front throughout the water column may be a sign of mixing and subduction/dynamic instability. Although high microplankton abundance was detected in shallow MLD stations of the SSI shelf and PF (Fig. 6) , a higher contribution of this size range to total phytoplankton biomass was recorded south of the PF towards the AS (Table 2) relating these larger cells with mixing processes too.
The third phytoplankton assemblage (represented in cluster III) comprised those stations where 'Nano medium'/ diatoms and 'Nano large'/haptophytes 8 predominated, covering a large number of stations around the archipelago, including the stratified northern shelf of the SSI, the transect between KGI and EI and the middle of the Bransfield Strait (Figs. 4 b, d, 5a, c, 7) . Although the SSI Shelf and Bransfield Strait present marked differences in bathymetry, the Bransfield Current plays an important role in determining the transport and retention of biota in the Bransfield Strait (Zhou et al. 2006 ) and flows northeastwards along the southern slope of the SSI (Sangrà et al. 2011 ) transporting TBW around the archipelago showing a clockwise circulation (Fig. 5 in Holm-Hansen and Hewes 2004) . The dispersal of the groups throughout the SSI shelf and T.B seems to be closely related with this water mass transport.
Physical controls of main phytoplankton taxa
It is clear from our analyses that temperature and salinity exert a strong control on the small diatoms distribution (Fig. 8 ) and these relationships are well documented in stations grouping (Fig. 9) . The highest small-diatom abundances were detected not only at intermediate salinities (Hewes 2009; Hewes et al. 2009 ) but also the abundance increases gradually as temperature increase to a maximum of 1.07°C, a threshold from which small diatoms started to decrease. Although a shift from larger to smaller diatoms has been detected throughout the northern wAP (Montes-Hugo et al. 2009 ) related with sea-ice variability drive by local warming, it seems that antarctic nanoplanktonic diatoms have an optimum salinity and temperature range which can play an important role in their distribution in ice-free waters.
The high standing stock of both small diatoms and haptophytes where the MLDs were shallow may be an indication that the exposure to high light intensity favours these groups' growth. However, high abundances of these taxa were observed inside the eddy (Fig. 4b, d ) and in the middle of T.B where the MLD was deeper. We suggest that the distribution within the eddy is the result of its advection from the edges of the eddy towards its centre. If we assume that these phytoplankton groups act as passive tracers, a sign of this convergence is the observed deepening of their abundance contours (Fig. 4b, d ) with high abundance values at deep levels near or below the Zeu (Fig. 2) . This is suggestive of subduction at the eddy centre and hence of surface convergence.
In the case of cells labelled as haptophytes in the assemblages identified by cluster II and III, their size range and distribution, in both surface and DFM layers, led us to conclude that the bulk of the population consists of Phaeocystis-like haptophytes without any misidentification of Parmales, which are of a smaller size and have a subsurface distribution in the SO (Scott and Marchant 2005) . Prymnesiales can be predominant in areas of high phytoplankton biomass, forming large colonies (Shields and Smith 2009 ), although neither image analyses done with FlowCAM nor qualitatively light microscopy performed on board (data not shown) revealed colonial stages in our study area. Moreover, single-cell Phaeocystis sp. appeared throughout the water column south of the PF (Fig. 4d) . Several authors have found the prevalence of this group in those Antarctic regions where waters are more deeply mixed (Feng et al. 2010; Arrigo and Alderkamp 2012 , and references therein). It seems that the group of Phaeocystislike cells could be made up of different species/strains with a different photosynthetic mechanism that allows them to survive in both stratified waters (coexisting with smaller diatoms) and mixed waters (at TWW stations and in the middle of T.B) (Mills et al. 2010) .
A third group of phytoplankton, dinoflagellates containing peridinin, was detected via pigment analyses along the SSI shelf and in the Bransfield Strait (cluster II and III), in association with Phaeocystis-like cells (not shown in Fig. 9 due to their low contribution to build the clusters). The photosynthetic dinoflagellates actually represent an evolutionarily diverse collection of different chloroplast types. FlowCAM analyses revealed a widespread presence of dinoflagellates throughout the study area (data not shown). No taxonomical approximation could be made to classify them into autotrophs and heterotrophs (or even mixotrophs), which implies a possible overestimation of the haptophytes 8-CHEMTAX group, being type-2 dinoflagellates masked within this group. Recent studies in the Ross Sea, carried out by Gast et al. (2007) , discovered a dinoflagellate closely related to free-living P. antarctica. They found that this dinoflagellate was neither purely phototrophic nor purely heterotrophic, thus demonstrating the difficulty of distinguishing the group of dinoflagellates by their pigment content.
In summary, phytoplankton assemblages distribution and composition exhibited a tight dependence on water masses and the stability of upper layers driven by mesoscale structures locations around the SSI. For the first time, (a) phytoplankton composition is connected with the Bransfield Current System supporting a clockwise circulation around the archipelago, and (b) a mesoscale description of the northern SSI face has been performed finding a well-established limit, the Shetland Front, for the groups' distribution. The Bransfield Current System components are permanent structures during the austral summer as we have observed in three different mesoscale cruises in the area (CIEMAR-December 1999, BRED-DIES-January 2003 and COUPLING-January 2010). This implies that the distribution of phytoplankton, which responds to these structures, must also be a quasi-permanent feature during the summer around the SSI although phytoplankton composition and succession could interannually change if environmental conditions vary. In this context, nanoplanktonic diatoms dominated the assemblages during the summer of 2010, in accordance with local trends in the northern wAP towards smaller diatoms due to regional climate change.
